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Traumatic injury to the spinal cord often results in permanent loss of motor and 
sensory function. The extent of these functional impairments depends on the 
spinal level and severity of the injury. The inability of the central nervous system 
(CNS) to repair itself is due to the moderate intrinsic regenerative response of 
injured CNS neurons, limited neurotrophic support and an outgrowth inhibitory 
environment present at the injury site. Also the simple fact that injured axons 
have to re-find their proper target cells, cells that are often centimeters away from 
the site of the injury, is an important factor that limits successful regeneration. In 
the developing nervous system axons are effectively guided to their target cells 
by a myriad of axon guidance molecules. After a lesion in the adult CNS, however, 
some guidance cues are re-expressed at sites where they do no longer support 
but apparently inhibit axon regrowth.

In chapter 1 we give an overview of our current understanding of the role of 
repulsive axon guidance factors in nervous system regeneration. We discuss 
four possible roles. First, repellent axon guidance cues may contribute to the 
inhibitory properties of the oligodendrocyte-lineage cells, acting in concert with 
the classical myelin-associated inhibitors of axonal outgrowth. Second, repellent 
axon guidance cues expressed by the newly formed neural scar may form a 
molecular barrier for injured axons. Third, repellent axon guidance cues could 
be involved in modulation of the cellular response to an injury, e.g. at or around 
the injury site axon guidance molecules may have a role in neural scar and 
blood vessel formation. Finally, proper spatial re-expression of axon guidance 
molecules may facilitate proper target finding for outgrowing injured axons, e.g. 
in the peripheral nervous system.

Among the axonal guidance cues that are re-expressed after a lesion are 
members of the class-3 semaphorin protein family. Semaphorins were initially 
discovered as a family of axon guidance molecules that act as repulsive guidance 
proteins during development. Upon injury to the CNS, class 3 semaphorins are 
re-expressed by the meningeal fibroblasts present in the core of the neural scar.

The aim of the work described in this thesis was to develop methods to 
interfere with the chemorepulsive activity of secreted class 3 semaphorins to 
investigate their contribution to the inhibitory nature of the spinal cord injury 
site. We first studied the chemorepulsive activity of semaphorin 3A derived from 
cultured primary meningeal fibroblast. Subsequently, we initiated two different 
approaches to interfere with semaphorin signalling in vivo. First we explored 
the use of adeno-associated viral vector-mediated expression of shRNAs as a 
technique to knock down expression of the semaphorin receptors neuropilin-1 
(Npn-1) and neuropilin-2 (Npn-2) in vivo. Second, we used Npn-1 and Npn-2 
(conditional) knockout mice to analyze axonal regeneration and motor function 
following spinal cord injury (Fig. 1).
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In chapter 2 we first focussed on the meningeal fibroblast that form the core of 
the scar that is formed after penetrating injury to the spinal cord. We demonstrate 
that cultured meningeal cells express a repertoire of class 3 semaphorins similar 
to that previously reported in the in vivo situation. By using meningeal cell 
cultures from semaphorin 3A (Sema3A) knockout mice, we were able to show 
that Sema3a derived from meningeal cell membrane protein extracts is a potent 
growth cone-collapse factor for embryonal DRG growth cones. Studies with 
meningeal cells from Sema3A knockout mice also demonstrated that Sema3A 
contributes to the growth inhibitory properties of cultured meningeal cells. 
These data, together with the upregulation of sema3A in the fibroblast of the 
neural scar, suggest that Sema3A could be a potent scar-associated inhibitor of 
axonal regeneration in vivo and that removal of semaphorin signalling will result 
in improved regeneration (Fig. 1).

Subsequently we set out to develop methods to interfere with Sema-signalling 
in vivo. Adeno-associated virus (AAV) is a naturally occurring replication 

deficient single stranded DNA virus. 
AAV-based vectors are becoming 
increasingly popular as tools to direct 
foreign gene expression in many 
types of neurons due to their safety 
profile, stability in vivo and relatively 
easy production. In chapter 3, we 
first compared AAV vectors based on 
seven adeno-associated virus (AAV) 
serotypes (this are naturally occurring 
AAV variants) and lentivirus for their 
efficiency of transduction of adult dorsal 
root ganglion (DRG) neurons in vivo. 
AAV5 was the most effective serotype 
overall, followed by AAV1. With AAV5 
we obtained transduction rates of 
up to 90%. After having established 
an effective technique to transduce 
DRG-neurons in vivo, we proceeded to 
evaluate the application of viral vector-
mediated shRNA expression in vivo. 

Chapter 4 describes our efforts to develop shRNA expressing viral particles with 
the objective to knock down the expression of the semaphorin receptors, Npn-1 
and Npn-2, in cultured neurons and subsequently in vivo. Although one of the 
shRNA sequences was successful in knocking down Npn-2 in DRG neurons, we 
unexpectedly observed severe toxicity when shRNAs were expressed in neurons 
of the red nucleus. As reported by others, shRNA induced toxicity is caused by 
saturation of the endogenous miRNA machinery. This saturation interferes with 
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normal miRNA processing and results in adverse effects in the shRNA over-
expressing cells. Currently there are at least 8 publications that report problems 
with the in vivo expression of shRNA via AAV vectors (see also discussion in 
Chapter 7). We therefore conclude that, although this technology would have 
great potential to interfere with multiple inhibitory signaling pathways, the 
results in this chapter illustrate unanticipated problems with the application of 
shRNAs in vivo.

In chapter 5 we examine the role of Npn-1 – Sema3A signalling in a corticospinal 
tract lesion by using conditional Npn-1 knock out mice. Since mice with a deletion 
of the Npn-1 gene are not viable, Npn-1 was conditionally mutated in postnatal 
neurons by crossbreeding animals with a floxed Npn-1 allele with mice that 
expressed the recombinase Cre via a neurofilament promoter. We evaluated 
motor function during recovery after spinal cord injury and analysed the 
distance corticospinal axons could advance towards the lesion site. We show, 
that following CST lesion, neuron-specific deletion of Npn-1 does not improve the 
outgrowth of CST axons. In addition, we do not observe enhanced recovery of 
motor function in lesioned conditional Npn-1 KO mice.

Corticospinal neurons express both Npn-1 and Npn-2, which together account for 
all scar-derived class 3 semaphorin (except Sema3A) signalling. Just knocking out 
Npn-1 only eliminates the Sema3A from the inhibitory milieu leaving all other 
inhibitory class 3 semaphorin signalling intact. In chapter 6 we abolish all class 3 
semaphorin signalling by making use of the Npn-2 constitutive knockout mice. In 
wild type animals, neurons of the red nucleus only express Npn-2. Consequently, 
in Npn-2 KO animals none of the scar derived class 3 semaphorins can have a 
direct effect on regenerating rubrospinal axons. Analogous to the Npn-1 KO 
mouse, we analyse motor function and performed fiber tract histology following 
injury to the rubrospinal tract. We did not observe enhanced regeneration of 
injured RST fibers or improved recovery in Npn-2 deficient mice.

In chapter 7 we summarise the contents of this thesis and we discuss our efforts 
in neutralizing semaphorin signalling in animal models for spinal cord injury. 
First, we discuss the use of adeno associated viral vectors to deliver shRNAs to 
the CNS. As described in chapter 4, we found that over-expression of shRNAs in 
the red nucleus causes cellular toxicity. We discuss the mechanisms that underlie 
this toxicity and provide the reader with recommendations for experimental 
design to adequately detect these adverse effects. The problems with shRNA-
induced toxic effects have to be resolved before this technique can be used 
routinely in neurobiological studies. Therefore, we review recent developments 
in gene silencing techniques, and discuss new strategies to safely knock down 
gene expression in vivo. Second, we discuss the role of semaphorins in spinal 
cord injury. The main result of our studies is that, in the models we used, 
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(conditional) knockout of semaphorin receptors Npn-1 or Npn-2 does not enhance 
regeneration of injured fibers and does not improve recovery of motor function. 
These findings are in line with a recent similar study that also used a genetic 
approach to interfere with semaphorin signalling. Interestingly, pharmacological 
intervention with semaphorin signalling has recently been shown to be effective 
in improving axonal regeneration and enhanced recovery of motor function. In 
chapter 7 we provide possible explanations that may account for the different 
outcomes of these genetic and pharmacological approaches to interfere with 
semaphorin signalling. 

We propose that, within the biological context where a multitude of other 
growth-inhibitory molecules are still present and active, interfering with 
semaphorin signalling alone, has no impact on the recovery after spinal cord 
injury. Furthermore it is important to realize that there are multiple reasons for 
the failure of the CNS to regenerate after injury. Apart from inhibitory molecules 
in myelin and in the neural scar, the limited intrinsic capability of injured 
neurons to regenerate and the lack of growth supportive molecules contribute 
to the poor regenerative response. An approach that combines stimulation of the 
intrinsic growth-response of neurons and provides a permissive environment 
for regenerating axons, is the next complex but logical step towards improved 
functional recovery after CNS injury.
 

 


